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Abstract 
This paper discusses biaxial and uniaxial optical accelerometers featuring polymer waveguides. They are fabricated by 
lithographic wafer scale micromachining techniques. These waveguides are employing relatively new epoxies: EpoClad and 
EpoCore. The accelerometers are based on the movement of a spring suspended seismic mass that embeds one or two 
waveguides. These waveguides are coupled with fixed waveguides on a frame. This induces light intensity variations due to 
deviations from the (initially) straight optical path. This phenomenon is used to measure acceleration. The fabrication process 
developed is solely surface micromachining, so no bulk or back-end etching is required, making it simple, versatile and low cost. 
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1. Introduction 
Acceleration sensors are one of the most successful MEMS products. Even though being one of the first MEMS 
devices to be mass-produced they remain a hot research topic [1]. Typically MEMS accelerometers are based on 
capacitance variations or the piezoresistive effect. Drawbacks of those accelerometers are that they are sensitive to 
electromagnetic interference (EMI). They require a complex electrical readout which has to be positioned as close as 
possible to the measuring region. To tackle these problems this research combines the advantages of polymer 
technology and optical micromachined sensor technology (also known as MOEMS) into an accelerometer.  
 
The working principle of the accelerometer is based on light intensity variations. It is immune to EMI. In our case 
the electronic actuation/readout is replaced by a simple light source (LED) and a photo detector, effectively 
decoupling the sensor from the rest of the circuitry. Using fiber optics the sensor can be placed at a large distance 
from the circuitry with relatively little signal loss. These properties allow for an optical accelerometer to be 
deployed in EMI intensive, ‘noisy’, harsh or electrically hermetic (e.g. spark free required) environments. 
The presented accelerometer employs the novel epoxies: EpoClad and EpoCore. Polymer technology is attractive 
for use in low cost, high volume applications. Polymer micromachining allows high aspect ratios and a wide variety 
of mechanical properties [2,3]. The relatively low temperature processability of polymers makes micromachining in 
this technology post-CMOS process viable. 
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 In this paper we begin with a discussion on our choice of polymer material. Subsequently the device design is 
described in the subsections: Layout and working principle, mechanical properties and optical properties. We 
conclude by reporting the measurement results and interpreting them in light of the design process. 
2. Novel epoxies: EpoClad and EpoCore 
State-of-the-art polymer optical accelerometers have been reported earlier [4]. Most realizations use SU-8 as a 
micromachining epoxy. EpoClad and EpoCore have been primarily designed as optical waveguide materials for 
PCB and intra chip connections [5]. However, we found that using EpoClad and EpoCore to fabricate an 
accelerometer at chip level dimensions offers several advantages: 
• Both EpoClad and EpoCore have different and tunable refractive indexes. This makes it possible to 
micromachine optical fibers, avoiding the requirement to design AntiResonant Reflecting Optical Waveguides 
(ARROWs) or structures to compensate for beam divergence.  
• SU-8 has a poor optical stability. Under 800 nm light, its transmission loss increases from 0.4 dB/cm to over 30 
dB/cm in a month's time. EpoClad and EpoCore do not show noticeable transmission degradation for a period of 
at least 4 months [6]. They also have a better overall transmission of about 0.2 dB/cm. 
• EpoClad has similar mechanical properties to SU-8. However, it can endure a higher maximum stress [2]. 
EpoClad has a better adhesion to Si wafers than SU-8, making EpoClad more post-CMOS process viable. 
 
EpoClad serves as a cladding layer to EpoCore much like the clad and core layers of an optical fiber. EpoClad 
can also be used as an alternative to SU8 in MEMS. This allows a more simple design and fabrication for optical 
MEMS. The waveguide cladding material and the device-structure material are the same, allowing the amount of 
process steps to be reduced. 
3. Layout and basic working principle 
Fig. 1. (a) Micromachined uniaxial accelerometer; (b) Micromachined biaxial accelerometer. 
The uniaxial accelerometer (Fig. 1a) consists of three waveguides: input, output and suspended. The three 
waveguides are separated by two air gaps. The input and output waveguides simply aim the light over the air gaps to 
the suspended waveguide. The suspended waveguide is embedded in a seismic mass and moves (when the sensor 
experiences an acceleration) relative to the input and output waveguides whom are anchored to the substrate. The 
seismic mass is suspended by four springs in the form of thin beams. The springs are designed to allow movement 
of the seismic mass parallel to the substrate and orthogonal to the waveguide’s length. This is along the x-axis as 
indicated in Fig. 1a. The springs are designed to inhibit movement in the other 2 directions. The input and output 
waveguides are connected via optical fibers to a light source and a photo detector respectively (not shown in Fig. 1). 
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The light intensity is varied as follows. Initially the suspended waveguide is in-line with the input and output 
waveguides (Fig. 1a). In this case maximum intensity reaches the output waveguide. When the device is subjected to 
acceleration, ideally only the x-component of the acceleration will cause displacement of the seismic mass along the 
x-axis. This will cause the suspended waveguide to be offset with respect to the input and output waveguides. The 
coupling of the waveguides over the air gaps is weakened and less intensity reaches the output waveguide. 
 
The Biaxial accelerometer layout and working principle is analogous to that of the uniaxial’s. It can be 
considered as 2 uniaxial accelerometers merged together wherein one is rotated 90˚ with respect to the other. To 
allow movement serpentine beams are used as springs. Embedded in the seismic mass are now 2 waveguides (Fig. 
1b). Their light paths cross each other causing possible cross-sensitivity. Simulations show that the cross-sensitivity 
is small (2-3%). This waveguide configuration allows the same fabrication process as that of the uniaxial 
accelerometer, allowing both to be made on the same wafer. 
4. Mechanical properties 
Using simulation software, namely Comsol Multiphysics, the mechanical properties of the accelerometers were 
simulated. The mechanical design specifications of the uniaxial accelerometer are summarized in Table 1. The 
simulations confirm that there is a linear relationship between displacement and acceleration. 
Table 1. Mechanical properties of the uniaxial accelerometer. 
Spring constant 102 N/m G-force / displacement 1 / 1.179  g / μm 
Mass of seismic mass 0.3 milligram Cross-sensitivity (with y-direction) 3.7% 
Resonant frequency 2.93 kHz   
5. Optical properties 
When simulating the optical properties of the accelerometers using Comsol Multiphysics major simplifications 
had to be introduced to achieve reasonable simulation times. The reason for this is that the devices are relatively 
large, 7 mm, compared to the wavelength used, which is 844 nm. However using a practical theory given in [7] a 
model for the uniaxial accelerometer was set up. The theory deduced in [7] states that once the Gauss beam width of 
a slab waveguide is determined one can calculate the power transmission coefficient of the fundamental mode due to 
waveguide misalignment as follows: 
2tT exp
w
⎡ ⎤⎛ ⎞= −⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎣ ⎦
 
Where t is the amount the waveguide centers are displaced relative to each other. w is the Gauss beam width. The 
uniaxial accelerometer has 2 such offsets over its air gaps thus the power transmission due to a displacement of the 
seismic mass is T2. The problem reduces to determining the Gauss beam width of the EpoClad and EpoCore 
waveguides. The waveguides have an EpoCore size of 50 μm in width (x direction in Fig. 1a) and between 20 to 33 
μm in height (y direction). The Gauss beam width can be calculated in both of these directions. w was chosen as the 
Gauss beam width in the x direction because the displacement is along this direction. [7] supplies a formula to 
theoretically calculate w as a function of the light frequency, waveguide width and the refractive indices of the 
cladding and core layers. It was found to be 8.2 μm. 
 
The cross section of the accelerometer’s waveguide’s (the xy-plane in Fig. 1a) power distribution was simulated. 
The Gauss beam width according to this simulation was estimated in the same fashion as done in [8]. The width is 
determined at the point at which the power drops to 1/e2. This results in a Gauss beam width of 34 μm. According to 
the simulation another mode exists in the waveguide as well and is possibly the cause for the difference between the 
theoretical and simulated results. This fact in principle also invalidates the usage of theory as applied above. 
However we wish to only have a rudimentary model to estimate the behavior of the uniaxial accelerometer. Any 
reasonable arbitrary Gauss beam width would suffice and can be interpreted as a fitting parameter. 
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 6. Measurement results and conclusion 
The devices were measured by displacing the seismic mass with a micro needle to a known displacement value 
and measuring the intensity at the output. Using the mechanical simulations displacement values are converted to 
acceleration values. The result of the measurements, theoretical model and simplified simulations of the uniaxial 
accelerometer are summarized in Fig. 2. The intensity at the output when no displacement is applied is normalized 
to 1. This is necessary when comparing results between devices because the coupling losses between the optical 
fibers and the input and output waveguides can vary greatly (several orders of magnitude). 
The simplified simulation gives a poor result compared to the theoretical model. This is because certain boundary 
conditions needed to be simplified and light with a lower frequency had to be assumed. The Gauss beam width 
increases with decreasing frequency making the offset of the simulations explainable. 
The measured results follow the theoretical model well in the range of 0 to 12 g-force. The Gauss beam width 
which fits the measurements best is about 26 μm. At higher g-forces the measurements have higher values than the 
theoretical curve. This reduces the useful range of the accelerometer. A likely explanation for this phenomenon is 
that despite the fact that the suspended waveguide is out of line the input and output waveguides are still in-line. The 
cladding layer (the seismic mass) which now receives most of the light intensity is transparent preventing the output 
waveguide from completely reaching zero. This can be avoided by simple design adjustments such as placing input 
and output waveguides out of line and giving the suspended waveguide an s-shape to bridge this offset. 
Fig. 2. Graph summarizing the measurement data and device models proposed during the design process. 
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